Electronic throttle control (ETC) system has worked its way to become a standard subsystem in most of the current automobiles as it has contributed much to the improvement of fuel economy, emissions, drivability and safety. Precision control of the subsystem, which consists of a dc motor driving a throttle plate, a pre-loaded return spring and a set of gear train to regulate airflow into the engine, seems rather straightforward and yet complex. The difficulties lie in the unknown system parameters, hard nonlinearity of the pre-loaded spring that pulls the throttle plate to its default position, and friction, among others. In this paper, we extend our previous results obtained for the modeling, unknown system parameters identification and control of a commercially available Bosch's DV-E5 ETC system. Details of modeling and parameters identification based on laboratory experiments, data analysis, and knowledge of the system are provided. The parameters identification results were verified and validated by a real-time PID control implemented with an xPC Target. A nonlinear control design was then proposed utilizing the input-output feedback linearization approach and technique. In view of a recent massive auto recalls due to the controversial uncontrollable engine accelerations, the results of this paper may inspire further research interest on the drive-by-wire technology.
Introduction
In the automotive industry, one of the fruitful technologies that have emerged from the increasing regulations in terms of fuel economy, emission control, drivability and safety is the drive-by-wire technology that creates the electronic throttle control (ETC) system [1, 2] . The system comprises of a throttle plate equipped with a preloaded spring and is driven by an electronic-controlled dc motor to regulate airflow in the intake manifold. In modern vehicles, the engine control unit computes and maps the throttle plate's angle to many entries such as accelerator pedal position, engine speed, cruise control command, and so forth in order to achieve optimal air-fuel mixtures in the combustion chambers, thereby maximizing fuel economy and minimizing emissions. The ETC system, which responses to the prescribed reference from the engine control unit must operate with fast transient responses and precise control to regulate the throttle plate's angular position [3, 4] .
In recent years, research in the ETC system and related areas has been very active in both academia and industry [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . The research challenge lies mainly in the unknown system parameters, high nonlinearity characteristic of the throttle module caused by friction and a pre-loaded spring. In the area of modeling and identification, a series of laboratory experiments that yield the parameter values of an ETC model was presented in [5] , and the complete model was verified through simulations and real-time implementation. In [6] , an ETC model based on the LuGre friction model was developed. Further modifications including parameter verification based on several experiments were shown in [7] . In [8] , the authors characterized the effects of transmission friction and nonlinearity of the return spring by means of computer simulations, experiments, and analytical calculations. Another topic of research by the same authors in which an automatic parameter tuning method was adopted to enhance the control system robustness was pro-posed in [9] . Reference [10] proposed a discrete-time piecewise affine model of the ETC system, and applied the clustering-based procedure to identify the parameters. Yet another approach based on nonlinear optimization and genetic algorithms were applied to estimate the unknown ETC system parameters in [11] .
Much research has been conducted in the area of control strategies as well. Controller realizations based on proportional-integral-derivative (PID) algorithm supplemented with friction feedback/feed-forward can be found in [8, 12, 13] . In addition, a comparative study of the performance and advantages among the three controllers: a PID, Linear Quadratic Regulator (LQR), and LQR-plusIntegral controllers was addressed in [13] . A linearquadratic-Gaussian (LQG) based control was proposed in [14] . Researches that utilized the sliding mode control (SMC) technique applied to an ETC system can be found in [11, 15, 16] , and neural networks-based SMC in [17] . In [18] the development of an adaptive control scheme that guarantees speed tracking was presented. In the system integration level, the authors of [19] considered the control strategy for a vehicle with ETC and automatic transmission. They applied dynamic programming technique to optimize the transmission gear shift and throttle opening to maximize fuel economy and power demand from the driver's accelerator pedal position. In [20] , the authors proposed a throttle-control algorithm that compensates two sources of delays, in the throttle response and in the manifold filling, in order to improve the engine response.
This paper enhances our previous research results in [5] . We provide in details the procedure of laboratory experiments for identifying each unknown system parameter. Data and analytical computations are also provided. A nonlinear control strategy based on the inputoutput feedback linearization approach is then investigated. The paper is organized as follows. Section 2 describes the physical components and mathematical modeling of the ETC system. Section 3 elaborates in details the identification method of each system parameter.
Step-by-step tests, experiments and detailed data analysis are provided to arrive at the set of system parameters. The parameters obtained were verified and validated in Section 4. The proposed design of a model-based nonlinear controller for the ETC system is illustrated in Section 5, followed by the simulation results in Section 6. Finally, Section 7 contains the conclusion.
ETC System Modeling
A pictorial view of a Bosch DV-E5 ETC system [21] , particularly the throttle module, used in many vehicle models is shown in Figure 1 . The module consists of:  a throttle plate driven by an armature-controlled dc motor with two redundant angular position sensors; 7.5  in the fully closed position [12] . This small partial opening of the throttle plate provides enough air flow to allow the engine to run at its idle speed, allowing a driver to crawl a vehicle, sometimes referred to as limp home, to a safe place in the absence of throttle control full power;  two sets of reduction gear trains with a total gear ratio of N = 20.68 obtained by physically counting the numbers of the gear teeth;  a return spring s K which ensures a safe return of the throttle plate to its closed position when no driving torque is generated by the dc motor. A schematic representation of the ETC system of Figure 1 is displayed in Figure 2 .
The mathematical model for the ETC system can be treated as a single-shaft mechanical system by transferring all the model parameters to the throttle plate shaft (load) through the gear ratio. The parameters and notations used in deriving the mathematical model of this particular ETC system are listed below: 
The torque balance equation is given by
The ETC system load torque in (3) is governed by
Combining (3) and (4) with 
System Identification
System parameter identification is, in general, one of the most critical and difficult tasks in system modeling, analysis and synthesis. The following approaches are commonly used: 1) application of mathematical system parameters identification algorithms and techniques [22, 23] ; 2) estimation based on laboratory experiments; and 3) a combination of 1) and 2). In this section, we present a series of laboratory experiments to identify the parameters of the Bosch ETC system model described in Section 2. The approach is practical and proved to be effective for the ETC system investigated. The details of each experiment are described as follows.
Stalled Motor Resistance Test
In this experiment, the throttle plate was held fixed at its closed position. A slowly varying dc voltage was applied to the motor terminals which, in turn, caused the motor current to increase slowly. The data of the voltage and current were captured. Since the throttle plate was locked, that is,
, and with the fact that the armature current changed very slowly, d d 0 (2) is reduced to a simple Ohm's law
The plot of the armature voltage and armature current (7) is shown in Figure 3 . The inverse of the slope of the approximated line yields the armature resistance which reads 1.15
Stalled Motor Inductance Test
The throttle plate was still held fixed at the closed position. A step voltage a was applied to the stalled motor terminals. As a result, the back emf voltage
e t was zero because there was no angular velocity. Therefore, the armature circuit in (1) or (2) can be expressed as
where t was the total armature circuit resistance consisting of the resistances of the armature circuit, current sensor and all the wiring in the measurement set up. The solution of the first-order differential Equation (8) with a step voltage and the initial condition
Equations (2) and (6), therefore, represent the ETC mathematical model referred to the load side. The immediate task now is to identify all the unknown parameters and constants:
, , is the electrical time-constant of the dc motor. Figure 4 shows the oscilloscope-captured waveforms of the resulting motor voltage and current.
At steady state, after 3 ms, the total resistance was approximately 1.59 1.05 1. read from Figure 4 when the current reached approximately 63% of its steady-state value was 1 ms; this yields t   . Therefore, the motor inductance was obtained as
Back Electromotive Force Test
In this test, the throttle plate was manually placed at the fully open position and released. The return spring s K caused rapid return of the throttle plate to its closed position. The rapid closing of the throttle plate, in turn, mechanically drove the dc motor through the reduction gears. As a result, the back emf voltage described by
was induced at the motor terminals. Figure 5 shows the back emf voltage and the throttle plate position captured by the oscilloscope during such self-closing of the throttle plate.
Using the angular position data from Figure 5 , the throttle plate velocity was calculated by
The resulting angular velocity was plotted together with the angular position and back emf as shown in Figure 6 .
The back emf signal was filtered (not shown). Using (10), the back emf constant referred to the load side b K = 0.4 V·s/rad was computed at time t = 0.2 s where the plate angular velocity was the most steady. Since we used the SI unit, it follows that the motor torque constant referred to the load side was
The back emf constant of the dc motor b K can be obtained from 0.0193 V s rad
where N = 20.68 is the gear ratio. It is important to mention that a different experiment, called a sensorless velocity measurement method, in which the dc motor was detached from the ETC module was performed in Section 3. 591 ment method is a more reliable method, because, among other things, the fact that the plate angular velocity was judged to be the "most steady" at in Figure 6 was somewhat arbitrary. The new method will be developed in Section 3.5.1.
s t 

Static Loads Test
The purpose of static loads test was to identify the friction torque f T , the spring pre-loaded torque PL produced by the return spring, and the return spring constant T s K . When the throttle plate was moving very slowly, that is, , the torque balance equation is given by, from (6)
In order to measure the parameters in (11), the dc motor was energized by a slowly increasing armature current. This caused a slow rotation of the throttle plate. The armature current and throttle plate angular position were captured by the oscilloscope as shown in Figure 7 .
It can clearly be seen from Figure 7 that a larger current was needed (approximately 1.7 A) to move the throttle plate towards opening than towards closing (approximately 0.6 A). This was because the torque developed by the motor had to overcome the torques produced by the return spring, 
where during the plate opening, and during the plate closing.
Equation (12) 
where fm T y represents static frictional torque of the motor. At an constant speed,
, therefore the frictional torque caused by visc cient m B is given by ous coeffi Two data processing runs were performed on the recorded emf data. The first was filtered to get an average value (see Table 1 ); the second was Fast Fourier transformed (FFT) using MATLAB to obtain the associated frequency f (see Table 1 ). The FFT result is displayed in Figure 10 
It is seen from (14) 
ent but the detached dc motor was not equipped with any velocity sensor, a 16 pulse-per-revolution optical sensor was attached to the motor shaft, and the detached dc motor was energized to run smoothly. The optical sensor signal, motor voltage and current were recorded by the oscilloscope as shown in Figure 9 .
Here, observe that the motor produced 8
The procedures above were repeated with different arbitrary constant velocities and the corresponding and bˆb e K were calculated. Figure 11 shows the result of the FFT, and the calculated data of each test is shown in Table 1. volution on the voltage and current waveforms caused by the non-uniformity of the magnetic field in the dc motor. This information is useful and can be used to calculate the motor angular velocity from a frequency measurement method proposed below, rather than using the optical sensor method conducted above. This is because the dc motor was small and attaching the optical sensor to the motor shaft was not practically convenient to perform the measurements. The proposed frequency measurement approach may be called a sensorless velocity measurement method and is detailed below.
The overall average b K calculated from Table 1 was 0.0185 V·s/rad which is very close to the result of b K = 0.0193 V·s/rad obtained in Section 3.3 when the dc motor was not removed from the ETC unit. The method of sensorless velocity measurement developed here was judged to be more reliable than the method of Section 3.3, and can be applied to the next parameters identification described in the sequel. The angular velocity and the motor torque data from Table 2 were plott ove.
Identification of Viscous Friction Coefficient
ed and the MATLAB polyfit command was used to perform the best fit of the data. The result is shown in Figure 13 which is also mathematically represented by (14) . he slo    Nm-s/rad. The viscous friction torque generated by the throttle shaft was small and therefore ig -tioned earlier in this section. The total viscous friction coefficient referred to the load side was therefore nored as men In this test, the dc motor was put and the throttle plate was manu fully open position similar to the test in Section 3.3. Since the armature current was zero, the torque balance equation can be described by is to use the mathe-6) to verify the pahis value was the total moment of inertia of the whole ETC unit. At this point, we have own ETC system parameters and constants. The results are summarized in Table 3 .
Parameters Verification
The main objective of this section matical model described by (2) and ( rameters identified in Table 3 . Two methods were employed: SIMULINK simulation, and actual real-time control implementation of the ETC system using an xPC TargetBox. The xPC TargetBox is a real-time rapid prototyping device, which is widely used in both industries [25, 26] . The SIM Figure 15 , while the act a show ental se
where     [31] . However, the approximation function (20) will be used in this study.
y the xPC Target ope in real time. It can be seen that the SIMULINK and the real-time control results were practically identical and the performance criteria were satisfied with no overshoot and 100 ms s t  . Hence the parameters obtained in Table 3 were validated. These parameters together with the mathematical model described by (2) and (6) can now be used for other control analysis and synthesis for this particular ETC system.
Design of Model-Based Nonlinear
Control Systems sc k linear conApplying the input-output feedback linearization methodology, we obtain
In this section, we applied the input-output feedbac earization technique [27] [28] [29] to design a nonlin troller for the ETC system. For ease of analysis and reference, we define the following constants in the ETC system described by (2) and (6): 
The resulting model can be expressed in a control-affine single-input single-output (SISO) nonlinear state-space form where 
Equation (21) shows that the output relative degree is
Step input Step input Simulation xPC Target . Simulation results show that the controller yields excellent tracking performance regardless of the types of reference signals. However, the ramp response in Figure  20 exhibits a small overshoot of about 2 degrees as the ramp signal introduces one more dominant pole into the closed-loop system.
Conclusion
We presented the modeling and unknown system parameters identification of an industrial Bosch automotive ETC system. The identification was based on a series of laboratory experiments, measurements and data processing techniques. The validation of the identified parameters by comparing the simulation results with the real-time implementation using an xPC Target under a PID control scheme produced excellent results for this particular ETC system which demonstrated the effectiveness and reliability of the parameters identification techniques. We then proposed a nonlinear closed-loop control system design based on the input-output linearization approach. The simulation results showed that the nonlinear controller developed was capable of accome is constan plishing the tracking tasks for different types of reference inputs with excel this paper can be considered as an interesting and important case study encompassing system modeling, system parameters identification, nonlinear controller designs, real-time control, and analytical solutions of the closed-loop trajectories of the nonlinear ETC system. d are applicable to similar and/or other types of ETC systems. In view of a recent massive auto recalls due to the controversial uncontrollable engine accelerations, the results of this paper may inspire further research interest on the drivelent performance. The results presented
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